ABSTRACT Cationic lipid-DNA (CL-DNA) complexes comprise a promising new class of synthetic nonviral gene delivery systems. When positively charged, they attach to the anionic cell surface and transfer DNA into the cell cytoplasm. We report a comprehensive x-ray diffraction study of the lamellar CL-DNA self-assemblies as a function of lipid composition and lipid/DNA ratio, aimed at elucidating the interactions determining their structure, charge, and thermodynamic stability. The driving force for the formation of charge-neutral complexes is the release of DNA and lipid counterions. Negatively charged complexes have a higher DNA packing density than isoelectric complexes, whereas positively charged ones have a lower packing density. This indicates that the overcharging of the complex away from its isoelectric point is caused by changes of the bulk structure with absorption of excess DNA or cationic lipid. The degree of overcharging is dependent on the membrane charge density, which is controlled by the ratio of neutral to cationic lipid in the bilayers. Importantly, overcharged complexes are observed to move toward their isoelectric charge-neutral point at higher concentration of salt co-ions, with positively overcharged complexes expelling cationic lipid and negatively overcharged complexes expelling DNA. Our observations should apply universally to the formation and structure of self-assemblies between oppositely charged macromolecules.
INTRODUCTION
Cationic lipid-DNA (CL-DNA) complexes are compact, ordered macromolecular self-assemblies that have recently received much attention because of their potential use as nonviral gene carriers (Felgner, 1997; Felgner and Rhodes, 1991) . It has been established that positively charged CL-DNA complexes can deliver DNA into cultured cells by binding electrostatically to their anionic membranes. Although the transfection efficiencies of CL-DNA vectors are lower than typically achieved with virus-based gene delivery techniques, they offer several critical advantages: nonimmunogenicity, low toxicity, and ease of large-scale production. Most importantly, DNA of any large length can potentially be delivered with the CL-DNA complexes, and recent experiments used this technique to transfer ϳ1 Mbp sections of the human artificial chromosomes (HAC) (Harrington et al., 1997) . Preliminary experiments have demonstrated the promise of CL-DNA complexes as vectors for in-vivo use in targeted organs (Nabel et al., 1993; Zhu et al., 1993) .
The complexes are often prepared using mixtures of cationic and neutral (helper) lipids. Transfection rates have been shown to vary as a function of lipid composition and lipid/DNA ratio, but until recently the findings were empirical, partly because little was known about the complex structure and interaction with cell membranes. It has been shown previously that CL-DNA complexes have ordered liquid-crystalline structure Gustafsson et al., 1995; Lasic et al., 1997) . Its topology is controlled by the choice of the helper lipid type: lamellar (L ␣ c , Fig. 1 ) complexes, with DNA intercalated between planar lipid membranes, can be converted into inverted hexagonal (H II c ) complexes with DNA confined in inverted lipid micelles either by changing the membrane spontaneous curvature or the membrane flexibility . However, within a given type of complex structure, there remains a question about the quantitative nature of interactions driving the complex self assembly and determining its charge, colloidal behavior and stability against dissociation.
More generally, the CL-DNA complex is an example of self-assembled structures formed nonspecifically between DNA and molecules of opposite charge. These abound in biology and include complexes of DNA with histones, DNA-binding proteins, and cationic ligands (drugs). Simple Coulomb attraction cannot explain the formation, compactness, and stability of these self-assemblies, because highly charged macromolecules in solution are always surrounded by a sheath of oppositely charged counterions. For planar lipid bilayers or long cylindrically-shaped macromolecules such as DNA, nonlinear Poisson-Boltzmann theory predicts that most of the counterions are confined to the immediate vicinity of their surface, the phenomenon known as counterion condensation (Manning, 1969; Le Bret and Zimm, 1984) . When the compact DNA-polycation self-assemblies are formed, opposite charges of the macromolecules neutralize each other and release their counterions into solution. The resulting entropy gain (ϳk B T per released counterion) is large when binding macromolecules have many charged groups and has been shown to be the dominant interaction in formation of many DNA-macroion complexes (Mascotti and Lohman, 1990; Misra et al., 1994; Schlax et al., 1995) .
The counterion release mechanism, as described above, predicts the formation of only charge-neutral complexes, because it implies one-to-one binding of opposite macroion charges. However, the functionality of many DNA selfassemblies critically depends on their non-zero charge. CL-DNA complexes must be cationic to bind to cell surfaces. Moreover, histone-DNA nucleosomes in-vitro are negatively charged at low ionic strength and exhibit a reversible condensation transition to chromatin fibers in the presence of positively charged linker histones H 1 and elevated salt concentrations (ϳ100 mM) (Ramakrishnan, 1997) . Much remains unknown about the stability of polyelectrolyte selfassemblies in salt solutions, which influences the CL-DNA complex behavior inside a cytoplasm, where the ionic strength can vary greatly. Thus, a quantitative study of the interactions driving DNA-macroion complex formation and stability is highly desirable.
The lamellar L ␣ c CL-DNA complexes have a highly ordered structure (Fig. 1) , which enables us to use x-ray diffraction to quantify the DNA packing density and to relate the macroscopic properties and the internal microscopic structure of the complexes. We maintain the L ␣ c complex topology by using the mixture of cationic and neutral (helper) lipids favoring planar lipid bilayers. Within this constraint, we examine the complex overcharging as a function of lipid membrane charge density and show that it is accompanied by the changes in the DNA packing inside the complex. We investigate the possibility that these are caused by the osmotic pressure of counterions, which pushes excess lipid or DNA into the counterion-free isoelectric complex (Bruinsma, 1998; Harries et al., 1998) . We relate this finding to the observed changes in the CL-DNA complex structure and stability as a function of ionic strength and also demonstrate the presence of hydration repulsion between the DNA strands inside the complex.
METHODS AND MATERIALS
Lamellar CL-DNA complexes were formed by mixing small unilamellar liposomes (ϳ50 nm), prepared by sonicating the mixtures of cationic lipid dioleoyl trimethylammonium propane (DOTAP) (MW(DOTAP) ϭ 698.6) and neutral lipid dioleoyl phosphatidylcholin (DOPC) (MW(DOPC) ϭ 705, Avanti Polar Lipids, Alabaster, AL), with linear -DNA (48,502 bp, average MW(bp) ϭ 649, New England Biolabs, Beverly, MA) purified by ethanol precipitation (Fig. 1, left) . Lipid mixture composition can be changed by varying the weight fraction of DOPC ⌽ PC ϭ (weight of DOPC)/(total lipid weight ϭ L). Because the molecular weights of DOPC and DOTAP are similar, ⌽ PC is also the mole fraction of neutral lipid in the bilayer and ⌽ TAP ϭ 1 Ϫ ⌽ PC is the mole fraction of cationic lipid DOTAP. Each DOTAP molecule has one positive charge/head group of area a Ϸ 70 Å 2 , whereas the DNA carries two negative charges/bp (2e Ϫ /3.4 Å). The CL-DNA mixture is stoichiometrically charge neutral when the numbers of DOTAP molecules and DNA bases are equal, or when ϭ (weight DOTAP)/(weight DNA ϭ D) ϭ iso ϭ 2 ϫ MW(DOTAP)/MW(bp) Ϸ 2.2. Varying changes the overall charge of the DNA-lipid system. Thus, ⌽ PC and comprise two independent axis of the CL-DNA complex composition phase diagram.
During the complex formation, both lipid and DNA undergo a complete topological transformation into compact, ordered particles of ϳ0.2 m diameter (Fig. 1, center top) . The complexes are easily visualized in an optical microscope as dynamic aggregates of individual ϳ0.2 m particles FIGURE 1 Linear DNA molecules are condensed in the mixture with unilamellar cationic liposomes (left), whereby both lipid and DNA undergo a complete topological transformation into compact quasispherical complex particles. Complexes of low net charge form string-like colloidal aggregates, easily visualized with DIC microscopy (center). Internally, the complexes have ordered lamellar L ␣ c structure (right).
which aggregate into larger assemblies when the complexes are chargeneutral ( Fig. 1, center bottom) . The high optical contrast of the complexes stems from their ordered lamellar internal structure (Fig. 1, left . Significantly, DNA monolayers in the L ␣ c complexes are ordered in a one-dimensional lattice with well-defined spacing d DNA between the DNA rods forming a twodimensional smectic liquid crystal .
The structure shown in Fig. 1 has been derived from the high-resolution x-ray diffraction measurements of dense complex suspensions (95% water). Typical powder SAXS scans of one-phase lamellar complexes (bottom three scans of Fig. 2 a) exhibit a set of sharp, periodically spaced reflections at q 00l ϭ 2l/d and a broad peak at q DNA ϭ 2/d DNA . The former are due to the lamellar bilayer-DNA structure with period d and the latter to the smectic structure of DNA arrays with spacing d DNA . The DNA peak is broader than the lamellar ones because the two-dimensional smectic liquid crystal is less stable against thermal disorder than the three-dimensional smectic of the bilayer-DNA . High-resolution synchrotron small-angle x-ray diffraction (SAXS) measurements were done at Stanford Synchrotron Radiation laboratory, while the lower-resolution data were collected in-house using a small-angle diffraction apparatus with an image-plate area detector (MAR Research, Hamburg, Germany) .
The size and the -potential (electrostatic potential near the surface) of the complexes were measured in more dilute samples, having concentrations equal to those usually used for transfection of cells ( 1 ⁄100 of x-ray samples) (Brookhaven Instruments particle size analyzer and zeta-meter, Holtsville, NY). We have shown previously that the complex structure is independent of the overall sample concentration Koltover et al., 1998) . To check for the phase separation of excess DNA or lipid from the complex, we fluorescently labeled lipid with DHPE-Texas Red and DNA with YoYo-1 iodide (Molecular Probes, Eugene, OR). Complexes were observed using an inverted microscope with a 60ϫ oil-immersion objective. The ionic strength in our samples was controlled by adding known amounts of NaCl to the solution. The resulting CL-DNA structures were independent of the order in which the three components of the samples (DNA, liposomes, monovalent salt) were mixed.
RESULTS
We begin by investigating the behavior of complexes at low ionic strength (no added salt) along the ⌽ PC axis in the phase diagram. Fig. 2 a shows a set of SAXS scans of complexes with fixed ϭ iso ϭ 2.2 (isoelectric point) and increasing ⌽ PC . For ⌽ PC Յ 0.75 the x-ray data show that the complexes remain lamellar and the DNA peak (solid arrows) shifts to smaller q with increasing ⌽ PC . This means that DNA strands move apart as a function of decreasing membrane charge density c ϭ (1 Ϫ ⌽ PC )/a. Microscopic observations confirm that, in this regime, the complexes remain one-phase, with no excess DNA or liposomes.
If all lipid and DNA counterions are released during the formation of an isoelectric CL-DNA complex, then, within the complex volume, the total number of cationic lipid headgroups should be equal to the number of anionic phosphates on the DNA backbone. Therefore, the average charge densities of membrane and DNA are matched, meaning that inside the complex the DNA chains occupy all of the available area S m of cationic lipid membranes. The average spacing d DNA between the DNA molecules in an isoelectric complex can then be simply expressed in terms of the average anionic charge/length of DNA and cationic charge/area of lipid ⌺ c within the CL-DNA complex (Fig. 3 b) ,
Furthermore, because all lipid and DNA in stoichiometrically charge-neutral ( ϭ iso ϭ 2.2) mixtures associate within the isoelectric complexes (with no excess material), the DNA and membrane areas can be derived from their volume fractions and weights in the complex. The volume fraction of DNA chains confined between the membranes in the complex structure of Fig 
FIGURE 2 (a) Synchrotron SAXS scans of isoelectric CL-DNA complexes as a function of increasing ⌽ PC (decreasing membrane charge density). (b) In-house SAXS scans of DOPC/DOTAP mixtures with 60% water and no added DNA. Pure DOPC (top scan) can be diluted only to ϳ43% water. Therefore, DOPC/DOTAP membranes can take in more water only when the lipids remain mixed (i.e., forming sufficiently charged membranes due to the presence of DOTAP). This is the case for the bottom three scans at ⌽ PC ϭ 0, 0.3, and 0.7. The scan at ⌽ PC ϭ 0.8 exhibits two sets of lamellar peaks, indicating lipid demixing into DOTAP-rich (solid arrows) and DOPC-rich (dashed arrows) phases.
where D ϭ 1.7 g/cm 3 , L ϭ 1.07 g/cm 3 are densities of DNA and lipid, respectively, and L, D are total weights of lipid and DNA in the mixture. Assuming an equidistant (smectic) arrangement of DNA chains, we can also write
Here, A D Ϸ 190 Å 2 is the cross-section area of DNA molecule, N() is the number of DNA chains in the complex, and L() ϭ contour length of -DNA ϭ 48502 ϫ 3.4
with Wt() ϭ weight of -DNA ϭ 32 ϫ 10 6 /(6.022 ϫ 10 23 )g}. Comparing the two expressions Eqs. 2 and 3 for ⌽ DNA , we obtain the equation for the spacing between the DNA chains in isoelectric complexes,
This expression relies on the assumption of the complete counterion release from the isoelectric complexes, smectic DNA arrangement (independently confirmed from the width and shape of the DNA correlation peak and the summary of the d DNA (⌽ PC ) data in Fig. 4 c) . Therefore, there are almost no counterions inside the one-phase isoelectric CL-DNA complexes for all but the smallest ⌽ PC . For the smallest ⌽ PC ϭ 0 the predicted d DNA is smaller then the observed value due to the molecular crowding within the complex. Note, that the membrane thickness increases with the ⌽ PC , as described above: ␦ m ϭ 34.5, 38.2 and 42.0 Å for ⌽ PC ϭ 0, 0.5, 0.7, resulting in a deviation from a simple linear increase of d DNA with 1/(1 Ϫ ⌽ PC ). This also means that the effective cationic charge per unit cell ⌺ c in Eq. 1 is different from the simple geometric value c ϭ (1 Ϫ ⌽ PC )/a. Hence, a careful calculation with matching of the DNA and lipid volumes (such as Eqs. 2 and 3) is required to correctly predict d DNA . The nearly complete neutralization of the CL-DNA complex (i.e., complete counterion release) exactly at ϭ 2.2 is possible because the projected charge density of DNA (two anionic charges per 68 Å 2 ) is closely matched by two cationic head groups on DOTAP with area a Ϸ 70 Å 2 each. A recent direct solution conductivity measurement of the number of counterions released during the complex formation confirms this result (Rädler, personal communication) .
SAXS measurements indicate that the DNA lattice cannot be diluted beyond ⌽ PC ϭ 0.75. This is demonstrated by the scan at ⌽ PC ϭ 0.85 in Fig. 2 a, where the lamellar complex peaks (q 001 ϭ 0.093 Å Ϫ1 ) are still sharp, but the DNA peak at q DNA ϭ 0.13 Å Ϫ1 has shifted to larger q than at ⌽ PC ϭ 0.75 (q 001 ϭ 0.09 Å Ϫ1 , q DNA ϭ 0.11 Å
Ϫ1
). The additional peaks at q ϭ 0.082, 0.164, and 0.246 Å Ϫ1 (broken arrows) are consistent with a membrane stack of periodicity d b ϭ 76.5 Å, equal to the periodicity of pure DOPC bilayers in excess water. Therefore, for ⌽ PC Ͼ 0.75, excess neutral DOPC lipid demixes from the DOPC/DOTAP membranes instead of remaining within the CL-DNA complex and further separating the DNA strands. Using Eq. 4 with the measured q DNA at ⌽ PC ϭ 0.85, we find that only 65% DOPC remains in the complex, which is also consistent with the shifted position of lamellar peak. We have found that DOPC/DOTAP mixtures without DNA also demix at ⌽ PC ϳ 0.75, while forming stable one-phase lipid bilayer stacks at lower DOPC content (Fig. 2 b) . Therefore, the upper limit of CL-DNA complex stability at ⌽ PC ϭ 0.75 is set by the lipid demixing in the DOPC/DOTAP bilayers independent of the charge ratio of DNA and lipid. The lipids remain mixed at low ⌽ PC because electrostatic repulsion favors dispersion of DOTAP in lipid bilayers.
The behavior of CL-DNA complexes as a function of DOTAP/DNA charge ratio is illustrated in Fig. 3 . The system remains one-phase complex only close to the isoelectric point ( ϭ iso ϭ 2.2), and separates into complex ϩ excess liposomes for Ͼ 2.2 and complex ϩ excess DNA for Ͻ 2.2. Measurements of the complex -potential (Fig. 3 b) show charge reversal at ϭ 2.2 for all ⌽ PC , from negative at Ͻ 2.2 to positive at Ͼ 2.2. The complex structure also changes as a function of , with smaller d DNA for Ͻ 2.2 and larger for Ͼ 2.2 (Fig. 3 b) , but remains constant away from the isoelectric point, with fixed d and d DNA . This can be seen in the SAXS scans of Fig. 3 a, We show in Fig. 4 a a set of d DNA () curves for complexes with four different ⌽ PC , which constitute adsorption isotherms of DNA and lipid into the complexes of fixed bilayer charge densities. For all investigated ⌽ PC , d DNA deviates significantly from d DNA iso in charge-neutral complexes. In fact, the complex seems to avoid the structure expected from a simple counterion-release mechanism. We have observed coexistence between complexes and excess DNA or liposomes in the regions with constant d DNA , whereas the complexes remain single phase when d DNA increases with close to the isoelectric point. The slope of the d DNA () increase is inversely proportional to 1/(1 Ϫ ⌽ PC ) (Fig. 4 a) , consistent with Eq. 1, which always holds for one-phase complexes. The curves at different ⌽ PC are distinct, shifting to lower with the decreasing bilayer charge density c . Because the charge reversal occurs at ϭ 2.2 independent of ⌽ PC , this implies that the complexes with lower ⌽ PC continue absorbing excess cationic lipid and remain one-phase for higher than the ones with higher ⌽ PC . This is consistent with the observation that (⌽ PC ϭ 0.3) Ͼ (⌽ PC ϭ 0.7) in cationic complexes (Fig. 3 b) . In contrast, complexes with lower ⌽ PC take in more DNA starting at smaller , resulting in the overall shift of d DNA () curves of Fig. 4 a and (⌽ PC ϭ 0.3) Ͼ (⌽ PC ϭ 0.7) in anionic complexes. The reversal of the complex -potential exactly at ϭ 2.2 shows that it is determined by the overall bulk DOTAP/DNA ratio, which is also underscored by the simultaneous variation of complex charge and DNA packing density.
To understand the interactions determining CL-DNA complex charge and structure (d DNA ) when 2.2, we must consider the whole system of complex ϩ excess cationic lipid bilayer or complex ϩ excess anionic DNA, together with their respective counterions (Bruinsma, 1998) . Both free (not complexed) DNA and free bilayer have large free energies in low ionic strength solution, because they are charged and have a low-entropy layer of counterions confined either 1-dimensionally to DNA or 2-dimensionally near membrane surfaces. At the same time, there exists a counterion vacuum inside a ϭ iso ϭ 2.2 charge-neutral complex, because all the lipid and DNA counterions were released during its formation. An additional DNA molecule can lower its free energy by entering the complex and releasing bound Na ϩ counterions into the large 3-dimensional internal volume of the complex (Fig. 5) . Thus, excess DNA can be driven into the isoelectric complex by an osmotic pressure of its confined counterions leading to the reduction of d DNA and negative overcharging. The DNA intake will not continue indefinitely, due to the increase of counterion concentration inside the complex and, more importantly, because of electrostatic repulsion of additional DNA molecules, whose anionic charge is not compensated by the cationic charge of bound lipids.
Conversely, an analogous mechanism can lead to the intake of excess bilayer lipids. Because there are no counterions inside an isoelectric complex, the Cl Ϫ cationic lipid counterions reduce their electrochemical potential by entering the complex. The lipid intake will be bound by the repulsion of excess cationic bilayers inside the complex, limiting the increase of d DNA and positive charge of the complexes. Because the liposomes contain a mixture of neutral and positive lipids, it is possible that lipid composition (⌽ PC ) can be different in the complex and excess liposomes. This effect should be small, because we found no demixing in DOPC/DOTAP bilayers with ⌽ PC Ͻ 0.75.
Recently, Bruinsma (1998) has developed an analytical solution of the Poisson-Boltzman equation for the complexes with very high ⌽ PC , when the counterion effects dominate over the membrane and DNA electrostatic repulsion. The physical meaning of his theory corresponds to the qualitative arguments given above. We show the prediction of his calculation for the complex with ⌽ PC ϭ 0.7 as a solid line in Fig. 4 a, and it is in excellent agreement with the data. However, the d DNA () curves change as a function of ⌽ PC because the free energy of lipid membranes and the electrostatic repulsion of DNA and bilayers depend on c . Qualitatively, the complex unit cell (Fig. 3 b) in the limit of no added salt can be approximated as a box with an average excess negative charge smeared on DNA walls for Ͻ 2.2 and positive charge on lipid surfaces for Ͼ 2.2. Treating the bilayer surfaces as flat plates, we can use the following expression for the electrostatic free energy/unit cell of positively charged ( Ͼ 2.2) complex (Lekkerkerker, 1989) ,
The first term in Eq. 5 is the free energy of a bilayer surface with excess cationic density ϩ ϭ c (1 Ϫ d DNA iso /d DNA ) and the second is the repulsive free energy (Langmuir pressure) of two bilayers separated by a distance ␦ w Ͼ Ͼ l C (Israelachvili, 1992) . The Chapman length, l C ϭ e/(2 ϩ l B ), corresponds to the thickness of condensed counterion layer near FIGURE 5 Schematic of a DNA molecule with a 1-dimensionally bound layer of condensed Na ϩ counterions (ϳ1.2 M concentration near DNA surface) and a lamellar isoelectric (charge-neutral) complex with no counterions inside it. The total free energy of this system is lowered when the excess DNA molecule enters the complex, releasing its bound counterions into the complex internal volume. Thus, the formation of negatively overcharged complexes with higher DNA packing density is driven by an osmotic concentration gradient between counterions near excess DNA and inside the isoelectric complex. An analogous mechanism due to concentration gradient between excess cationic membrane Cl Ϫ condensed counterions and counterion-free isoelectric complex leads to the formation of positively overcharged complexes.
the membrane surface and l D Ͼ Ͼ l C (no salt) is the Debye screening length. The Bjerrum length l B ϭ e 2 /⑀k B T Ϸ 7.1 Å in water (⑀ ϭ 78.5) at room temperature. F c ϩ should be compared with the free energy F B of excess cationic membrane of length d DNA ,
Because c Ͼ ϩ so that F c ϩ Ͻ F B , the complex will take in all the available excess membrane until stopped by the second repulsive term in the Eq. 5. This also implies greater affinity for excess lipid in complexes with larger C . Thus, d DNA increase over a larger range of values in complexes with lower ⌽ PC , consistent with the data of Fig. 4 a.
In complexes with Ͻ 2.2, electrostatic energy of anionic complex, (7) should be compared with the free energy of charged DNA rods in solution. Equation 7 oversimplifies the complex unit cell structure by treating DNA surfaces as being flat. This, however, does not change the fact that because the complex excess anionic charge density
is smaller than the charge density DNA of free DNA, the latter will enter the complex until stopped by the growth of Ϫ and the repulsive energy of DNA strands. Because DNA repulsion is weaker in complexes with larger d DNA iso (larger ⌽ PC ), they will absorb more DNA and acquire greater anionic charge, consistent with the data of Figs. 3 b and 4 a. Thus, the overall shift of the d DNA () curves for different ⌽ PC is primarily due to the relative magnitudes of inter-DNA and bilayer electrostatic repulsion. A recent numerical solution of lamellar CL-DNA complex structure based on the principles similar to our above discussion have captured correctly this qualitative feature of the data (Harries et al., 1998) .
A sensitive measurement of the affinity of the complexes with different ⌽ PC for excess DNA and lipid is provided by the analyses of d DNA (⌽ PC ) variation in complexes with different ( Fig. 4 c and d) . The raw data of Fig. 4 c is plotted as a function of /(1 Ϫ ⌽ PC ) to facilitate comparison with the Eq. 4, which is shown as a solid line. This expression is consistent with the behavior of d DNA in isoelectric ( ϭ iso ϭ 2.2) complexes. Therefore, if complexes with 2.2 would expel all excess lipid or DNA, the d DNA curves would differ only by a multiplicative factor in complexes with different . The data, scaled to iso ϭ 2.2 (i.e., multiplied by iso /), is shown in Fig. 4 d. The d DNA curves do not overlap, but rather systematically deviate from the reduced iso prediction given again by the solid line. The data points lying above the iso line correspond to the complexes that have taken in excess lipid, with larger deviation for complexes with greater lipid affinity. Similarly, the points below the line have excess DNA. The complex affinity for excess cationic lipid is inversely proportional to ⌽ PC , while its affinity for excess anionic DNA increases with ⌽ PC . This is in excellent agreement with the counterion osmotic pressure model of complex overcharging presented above and the d DNA () data of Fig. 4 a. The counterion-based interactions, which determine the structure of complexes with different ⌽ PC away from the isoelectric point, should be sensitive to the solution ionic strength. The salt co-ions will act to compensate the difference in counterion concentration within the complex and excess liposomes or DNA. The counterion osmotic pressure driving excess cationic lipid into the complex will disappear when the concentration of identical salt ion species becomes equal to the concentration of counterions near the excess lipid bilayers. Because most of these counterions are confined within a layer of thickness l c (Chapman layer), this condition can be written as
Therefore, a given salt concentration will only affect complexes with higher ⌽ PC , without much effect on the complexes of higher lipid charge density. We show in Fig. 4 b the d DNA () curves in the presence of 150 mM NaCl for complexes with ⌽ PC ϭ 0, 0.5, and 0.7. In the complexes with ⌽ PC ϭ 0.7, d DNA undergoes only a small increase near the isoelectric point, so that little excess DNA or lipid enters the complex. Therefore, these complexes remain nearly charge-neutral. For the two lower ⌽ PC the effect of added salt is smaller. This is because c* ϳ 100 mM for ⌽ PC ϭ 0.7, whereas c* ϳ 280 mM and 1 M in complexes with ⌽ PC ϭ 0.5 and 0. Note that the Debye length l D ϳ 8 Å is smaller then the distance between the surfaces of DNA molecules (d DNA Ϫ 20 Å) for most of the data in Fig. 4 b, so that a simple Coulomb screening cannot account for the observed salt effect. This finding is particularly important for transfection applications of CL-DNA complexes, because the elevated ionic strength in cell culture solutions and in tissues will act to modify the complex overcharging. The low excess charge of high ⌽ PC complexes at 150 mM may make them less efficient as transfection agents. We further investigate the dependence of complex structure on the ionic strength in Fig. 6 , where we show the dependence of d and d DNA on NaCl concentration M in isoelectric complexes with different ⌽ PC . The d DNA (M) dependence is nonmonotonic in samples with ⌽ PC Ն 0.5 (Fig. 6 a and c) , slightly increasing for low M and decreasing steeply at higher M. The crossover between the two regimes occurs at M ϳ 90 mM for ⌽ PC ϭ 0.7 and 170 mM for ⌽ PC ϭ 0.6, very close to c* ϭ 100 mM and 180 mM given by Eq. 8. For M Ͼ c* we observe increase of the multilayer repeat distance d and expulsion of excess lipid from the complexes (seen both in x-ray diffraction and fluorescence). The salt screens the counterion-release mechanism, resulting in gradual release of cationic lipid from the complex with increasing M and effective shift of the complex equilibrium structure toward the negative ( Ͻ 2.2) side of the phase diagram. This shift, accompanied by a decrease of d DNA down to ϳ38 Å is favored in complexes with ⌽ PC Ͼ 0.5, as seen in Fig. 4 a. The accompanying increase in d is due to the expansion of the DNA-water layer thickness between the membranes and is another consequence of the weakening cohesion of the complex. This can also be seen from the SAXS scans of Fig. 6 a, where the data at M Ͼ c* shows broadening of the lamellar peak because of an increasing disorder in weakened CL-DNA stacks. The increase of d may also partially result from the screening of cationic lipid headgroup charge. This reduces the lipid headgroup area and increases the bilayer thickness ␦ m , but no more than by ϳ3 Å. The complex completely dissociates at even higher salt concentrations (top scan at 0.58 M in Fig. 6 a) .
The slight increase of d DNA at constant d for M Ͻ c* with increasing M (Fig. 6 c) implies a slight reduction of the DNA quantity in the complex. It is harder to explain qualitatively, considering that the concentrations of counterions near the charged DNA and lipid surfaces, which ultimately determine d DNA , are only weakly sensitive to the low bulk co-ion concentrations (Le Bret and Zimm, 1984; Sharp, 1995) . It would be valuable to have a complete quantitative explanation of the d DNA (M) dependence, which requires a numerical solution of the nonlinear Poisson-Boltzman equation in the presence of salt.
The variation of complex structure with M is completely different for high membrane charge density ⌽ PC Յ 0.4, were d DNA increases monotonically with M at salt concentrations smaller then c* (Fig. 6 b and d) . The salt concentration in this regime also remains smaller than the concentration of condensed counterions around the DNA double strands (ϳ1.2 M) (Manning, 1978) . This increase in d DNA is accompanied by a release of DNA from the complexes into solution. The large monotonic increase of d DNA with M for ⌽ PC Յ 0.4 at salt concentrations lower than c* suggests the presence of an additional nonelectrostatic repulsion between DNA strands, which pushes DNA out of complexes as electrostatic interactions (which define d DNA ϭ d DNA iso as given by Eq. 4) are gradually screened by the added salt. We propose that this additional interaction is the hydration repulsion between the DNA strands (Rau et al., 1984) . Exponentially decaying hydration forces are insensitive to monovalent salt concentrations and have been shown to dominate the interstrand repulsion in bulk DNA phases up to the distances of ϳ32-35 Å (Podgornik et al., 1994) . Thus, they would contribute little to the interactions in complexes with high ⌽ PC . This is in excellent agreement with the data of Fig. 6 , where only samples with d DNA iso Ͻ 32 Å exhibit the monotonic increase of d DNA with M, approaching 35 Å at high M independent of ⌽ PC . Our recent measurement of the compressional modulus of DNA lattice in isoelectric complexes using the x-ray line-shape analyses of DNA correlation peak have also indicated the presence of repulsive hydration force in samples with ⌽ PC Ͻ 0.4 .
DISCUSSION
Figure 7 a shows the phase diagram of the L ␣ c CL-DNA complexes. The complexes always reverse charge at stoichiometrically neutral ratio of DNA and DOTAP ( ϭ 2.2, broken line), where their structure is in agreement with a complete counterion release upon lipid-DNA binding. This creates a negative counterion osmotic pressure driving excess lipid and DNA into the complex with 2.2 and results in overcharged anionic and cationic complexes useful as nonviral gene vectors. Electrostatic repulsion sets a limit on the amount of excess DNA or lipid that can enter a complex and leads to the increasing width of the singlephase complex region with decreasing ⌽ PC . Significantly, most of the phase diagram features are explained within a nonlinear Poisson-Boltzman electrostatic model, in spite of it completely neglecting the details of DNA and lipid molecular structure. Thus, we can expect it to be applicable to nonspecific association of many oppositely charged biological macromolecules clarifying, for example, the limited negative overcharging of nucleosomes. We emphasize that the successful explanation of the complex phase diagram depended critically on considering free energies of the whole DNA/lipid/complex system-a point that should apply to all the macromolecular assemblies within the dense cytoplasm.
Related to the phase diagram is the colloidal stability of individual ϳ0.2 m complexes against aggregation and coalescence, which is a required property for their genedelivery applications (Fig. 7 b) . Only the one-phase complexes of lower charge aggregate, so that colloidal stability is lowest in complexes with ⌽ PC ϭ 0, which aggregate over the broadest range of . However, because the complex aggregates are very polydisperse, their size will depend strongly on total lipid and DNA concentration. The data of Fig. 7 b was obtained with concentrations typically used in cell-culture transfections, where the complexes with ⌽ PC ϭ 0.7 were found to be relatively stable (concentration below a critical aggregation concentration), whereas at ⌽ PC ϭ 0 the size of aggregates was diverging. This variation of the colloidal stability may additionally be caused by the changes in surface free energy of the spherical 0.2 m complexes. The DNA-lipid layers of the L ␣ c complex have to curve to terminate the complex surface with the hydrophilic lipid headgroups of the lipid bilayers. It is likely that the energy penalty of the associated liquid crystalline defects will be larger for complexes with smaller ⌽ PC , because the combined bending stiffness of the DNA-lipid layers increases with the DNA packing density . Therefore, the complexes with smallest ⌽ PC have the largest surface free energy and will aggregate to decrease the overall surface of the bulk L ␣ c phase. During a transfection experiment, the CL-DNA complexes are subjected to varying solution ionic strength in the cell culture media and in the cytosol. The phase diagram of Fig. 7 a is directly related to the stability of complexes at elevated ionic strength. The complexes become unstable and charge neutral at monovalent salt concentrations M Ͼ c* ϳ (1 Ϫ ⌽ PC ) 2 (Eq. 5), so that their stability decreases quickly with decreasing membrane charge density (increasing d DNA ). This should be kept in mind in designing the complexes for cell transfection, because, at M Ͼ 100 mM, the low ⌽ PC complexes will interact weakly with anionic cellular membranes, but dissociate easily with increased ionic strength (e.g., inside endosomal vesicles). These effects arise because the salt co-ions at concentrations M Ͼ c* alter the osmotic pressure of ions inside the complex and near DNA and bilayer surfaces. Thus the added salt changes the very interactions driving the complex formation, rather than simply screening Coulomb repulsion of DNA and bilayers. Similar effects of ionic strength can be expected in other complexes of oppositely charged macroions. In fact, because many proteins can be altered by post-translational modification, we can imagine that alteration of a protein surface charge density can serve as a control mechanism of nonspecific protein-DNA association at physiological salt concentrations.
Comparison of the different added salt effects on DNA packing in high and low ⌽ PC complexes also reveals the additional nonelectrostatic repulsive hydration force between the DNA molecules at separations below ϳ35 Å. The presence of this force can also be seen affecting the curvature of 1 Ϫ phase complex/complex ϩ DNA coexistence line below ⌽ PC ϳ 0.4 of the phase diagram (Fig. 7 a) . The range of hydration force identified here is similar to that observed in bulk DNA phases, indicating that it is not affected by the DNA confinement between the lipid membranes. This force should be considered in the evaluation of other condensed DNA structures.
